Water level changes resulting from a hydropower regulation have influenced water flow, gradients and sediment processes in the Lake Øyeren delta for about 150 years. They are reflected in the morphology of the islands on the delta plain. Under current regulation practices, water levels during the mean annual flood are maintained at about 1 m lower than during the previous regime prior to 1978. As the channels continue to mature, the recently deposited tongues and levees in the southern part will therefore probably maintain a distinctly lower elevation than that of the older islands. The influence of flood regulation on levee deposits during the extreme 1995 flood was estimated by comparing simulated overbank deposits resulting from different flood regulation schemes. The simulations showed that reduced water levels during floods in the presence of older islands extend the period of in-channel flow and promote the development of levee-like deposits in the lower part of the delta plain. This explains some of the characteristics observed in the morphological development, most notably the increased number of lagoons resulting from a higher number of levees.
INTRODUCTION
Water level regulation leads to modifications in the magnitude, frequency, timing, duration and rate of change of water flow, thereby fundamentally transforming rivers and altering wetland, floodplain and delta ecosystems (Gergel et The development of the channel network and islands on the delta plain is closely related to the formation of levees and river mouth bars on the topsets. River deltas forming on gently sloping shelves and fed by a sufficiently high incoming discharge are expected to exhibit a topset-dominated first-order stratigraphy (Postma ; Edmonds et al. ) . When sediment-laden channelized flows debouche into a shallow, sloping basin, they initially form subaqueous levees followed by river mouth bars. The growth of the mouth bars deflects and splits the flow causing the channel to bifurcate and resulting in the formation of new islands with inter-levee basins (Axelsson ; Wright ). The relative position of the river mouth bars is influenced largely by the initial channel depth, and the bar ceases prograding when a particular water depth above the bar is reached (Edmonds & Slingerland ) .
The aggradation of levees will also occur during overbank flows along the channel banks, due to reduced flow velocity and sediment transport capacity on the floodplain.
The maximum water levels, discharges and sediment concentrations during a flood dictate the extent of the zones of deposition and influence overbank sedimentation processes, thus controlling the morphology and slope of the natural levees (Cazanacli & Smith ; Filgueira-Rivera et al. ; Smith & Pérez-Arlucea ) . During floods, temporally and spatially variable deposition and erosion occur on levees due to backwater effects associated with nearby channel bars and irregular rises of the channel bed forced by channel extension (Smith et al. ) . Levee deposits alone, however, may not be representative of the floodplain deposits as a whole. Overbank sedimentation proceeds by the settling out of fine-grained sediment during pondage (Simm ) .
River deltas are progradational in character. The range of channel characteristics observed relative to distance from the shoreline reflects channel maturation. Juvenile channels at distal reaches are wide and shallow, whereas more proximal mature channels are usually more deeply incised (Hoyal & Sheets ; Edmonds et al. ) . Given near steady-state conditions over moderate time scales, the characteristics of mature delta channels can be described in terms of 'hydraulic geometry' relations depending on bankfull discharge and the suspended sediment load (Andrén ) . Bankfull discharge is the discharge at which flow overtops the river banks and spills from the channel onto the floodplain. It represents the dominant channel-forming discharge mechanism, since over long periods it transports the majority of the sediment volume (Wolman & Miller ; Wormleaton et al. ) . In rivers under quasi-equilibrium conditions, the mean annual flood (MAF) equals or slightly exceeds in frequency the bankfull discharge which usually has a recurrence interval of 1.5-2 years (Leopold et al. ) . These relations were also found to be true for the upper and middle parts of the delta plain in other unregulated Scandinavian freshwater lakes (Axelsson ; Dahlskog & Johansson ) , although the fluvial system of a delta plain of this type can never be expected to attain the theoretical longitudinal equilibrium profile (Swenson et al. ) . If the hydrological regime is altered permanently, the system starts to adapt to the new conditions. The time required for the re-establishment of quasi-equilibrium conditions following major disturbances ranges from decades to centuries for the river reach scale (Kern ) .
The main objective of this study is to demonstrate that 150 years of water level regulation have affected the morphological development of the Lake Øyeren delta and that some recently observed tendencies can be explained by changes in flood regulation practice introduced about 30 years ago. To achieve this, we have analysed the elevations, water levels and gradients on the delta plain based on morphological and hydrological data, combined with flow simulations using a computational fluid dynamics (CFD) model. The configuration, testing and performance of the CFD model used to simulate the flow distribution in the delta and the process of levee deposition during a large flood in 1995 have been described earlier (Zinke et al. , ) . In this study, we apply this model to carry out a scenario investigation addressing the influence of different flood regulation practices on levee deposition during the 1995 flood event.
BACKGROUND Lake Øyeren
Lake Øyeren extends over 87.4 km 2 and is situated about 25 km east of Oslo, Norway. It is a freshwater lake with a maximum depth of about 70 m. The area exhibits a marginal continental climate with relatively warm summers, cold winters and a mean annual temperature of 4.1 W C. Annual rainfall averages 820 mm (MET ).
In the northern part, the sediments of the three incoming rivers (the Glomma, Leira and Nitelva) have formed a river delta extending over approximately 56 km 2 , including its subaqueous parts. Bogen & Bønsnes () distinguished between the delta plain, delta platform, forest slope and deep basin as the morphological units of the delta (Figure 1 ).
The delta front is situated approximately 15 km downstream from the Glomma river mouth, approximately in the centre of the lake. Parts of the delta were formed under marine conditions prior to the last post-glacial rebound, when the northern part of Lake Øyeren was a coastal inlet. Today, the Lake Øyeren delta is the largest freshwater delta in northern Europe and an important nature conservation area, hosting a broad diversity of bird, fish and plant species (UNESCO ; Berge ).
The Glomma River accounts for the largest inflow into the delta since its basin represents 97% of the delta's total 
Morphological development and sediment transport
Historical maps of the delta have been available since 1775
and have permitted us to investigate the land area increment (Pedersen ; Bogen & Bønsnes ; DN ). Figure 5 illustrates the development of the delta islands over time.
Since 1874, the delta plain has expanded considerably and Figure 5 | Development of the delta islands over time according to Bogen et al. (2002) and data from the Norwegian Mapping Authority. Measurements of incoming sediments have been available since 1990 for the Leira River and since 1995 for the Glomma River. The mean suspended sediment transport from the Glomma, Leira and Nitelva rivers into Lake
Øyeren is approximately 500,000, 90,000 and 18,000 t yr -1 , respectively. Bed load transport is assumed to account for 10-20% of the total sediment transport (Bogen et al. ) .
During the extreme flood of May and June 1995, the suspended sediment transport of the Glomma at Bingsfoss was estimated to be 700,000 t, i.e. 93% of the total suspended sediment load for that year. The sediment load reached its maximum during the first days of the flood, when the incoming discharge was also at its maximum 
DATA AND METHODS
For the present study, we analysed the morphology of the delta islands, compiled measured hydrological data and used a CFD model to investigate the effect of hydropower regulation on water levels and overbank deposition during the 1995 flood. Table 2 ). The latter were performed using a quasi-steady flow approach, which approximates the flow 
RESULTS
Morphology and growth of the delta plain Based on Figure 6 , the total land area of the delta islands and shore zones (elevations between 101.5 and 105.5 m a.s.l.)
in 1995 was 8.7 km 2 . Table 3 provides estimates of the growth in area of the exposed part of the delta during different time periods. These estimates are based on data illustrated in Figure 5 and available publications. These growth rates must be regarded as coarse approximations, because the historical maps of the islands displayed a variety of scales and were made for different and partly unknown water levels. According to Figure Hypothetical scenario; no data available for verification we obtain a mean annual overbank sedimentation rate of 4,000-8,000 t yr -1 . This represents only about 1% of the mean annual total sediment inflow, which is estimated to be approximately 700,000 t yr -1 (the sum of suspended sediment load from the three rivers and bed load).
Water levels and gradients within the delta Figure 6 . The combination of hydrological data and For the 1995-fHW case, the calculated levels of fluvial erosion were lower, as expected.
Flood-related bank (mass) failures of cohesive sediments associated with high pore-water pressure typically occur some time after the peak stage, during the inversion of groundwater flow from the bank towards the river. A major bank failure, probably resulting from this phenomenon, was recorded on the northeast margin of Fautøya island on 27
June 1995, more than two weeks after the peak stage at Lake Øyeren (Bogen et al. ) . This event did not contribute to the sediment balance during the overbank flows, i.e.
it was not relevant to the levee modelling study. However, such mass failures should be taken into account when considering the development of the delta as a whole.
Uncertainties and recommendations for future research
The morphological simulations of the 1995 flood event were 
